ABSTRACT: Concentrations of dissolved and solid-phase inorganic sulfur compounds and sulfate reduct~on (SR) rates were measured in sediments along a lateral transect in the mesohaline reglon of the Chesapeake Bay estuary (USA). Area1 SK rates varied seasonally from 2 to 10, 5 to 60, and 10 to 90 mm01 m-2 d-' in deep channel, channel slope and western flank sediments respectively, and with temperature according to a n apparent activation energy of ca 83 kJ mol-' March through November integrated SR rates were 1.3, 5.3 and 7.3 m01 m-2 yr-' at the 3 locations respectively. Summer SR rates in other mid-bay central channel and lower bay sediments were comparable to the highest rates found along the mid-bay transect. Sulfate reduction was maximal in the top 2 to 4 cm (0.2 to 2 mm01 I-' d-') of sediment and decreased several-fold with depth to 12 cm In both mid-and lower bay sediments. Mid-bay central channel sediments underlying anoxic bottom water during the summer exhibited hlgh concentrations (1 to 5 mM) of dissolved sulfide (DS), whereas bioturbated flank sediments had 5-to 10-fold lower DS concentrations (0.1 to 1 mM). In lower bay sediments, DS concentrations were ~0 . 1 mM in the upper 12 cm despite intense SR (25 to 100 mm01 m-2 d-l). Solid phase reduced sulfur concentrations in mid-and lower bay sediments were not correlated with SR rates. Comparison of annual SR with reduced sulfur burial indicated that <30 % of total sulfide production is permanently retained In mid-bay sediments. A similar fract~on of sulfide retention is expected to occur in lower bay sedlments. Our results Indicate that sulfur cycling accounts for a substantial portlon of carbon mineralization and oxygen consumption over a large area of the mid-and lower Chesapeake Bay benthos.
INTRODUCTION
The importance of inorganic sulfur transformations in the early diagenesis of coastal marine sediments is well recognized. In such sediments, a significant fraction (220 %) of carbon mineralization and oxygen uptake is coupled to sulfate reduction (SR) and sulfide reoxidation respectively, rather than to aerobic respiration ( J~r g e n s e n , 1982 , Howes et al. 1984 , Parkes & Buckingham 1986 , Mackin & Swider 1989 , Sampou & Oviatt 1991 . The fraction of sediment carbon metabolism mediated by SR covaries with the total rate of mineralization, which is a function of carbon loading to sediments (Jargensen 1983 , Nedwell 1984 , Capone & Kiene 1988 . Therefore, the quantitative significance of SR in carbon cycling and oxygen balance is maximal in highly productive environments such as shallow-water subtidal and salt marsh sediments (Howarth 1984) .
The high productivity and shallowness of the Chesapeake Bay estuary (USA) make it an especially relevant environment in which to assess sediment sulfur metabolism and its quantitative role in carbon cycling and oxygen balance. In this paper we consider dissolved and solid-phase inorganic sulfur content and SR rates on a seasonal basis (April through November) in sediments along a lateral transect in the mesohaline region of the Chesapeake Bay (Fig. 1) . We also report data collected during the summer and winter at 3 other locations along the deep central channel of the midbay, and during the summer at 3 locations in the lower bay region. Our objectives were to assess the spatial variability of summer SR rates along the central axis of the mid-and lower regions of Chesapeake Bay; to quantify the magnitude and seasonal variation of SR in sediments along the mid-bay transect; and to compare sulfur chemistry in mid-bay central channel sediments, which underly anoxic bottom waters during the sum- 
MATERIALS AND METHODS
mer, with that in sediments on the mid-bay flank and western slope sediments respectively. Sediments at in the lower bay, where bottom waters are typically these statlons typically underlie hypoxic or anoxic well-oxygenated.
bottom water dunng the summer, a condition which precludes macrofaunal activity during the period of hlghest temperature and microbial activity. In contrast. the bottom water at Stn DB (10 m depth) on the western flank of the mid-bay is usually well oxygenated and the Station locations and descriptions. Sediments were sediments are colonized by a mixed community of sampled along a lateral transect In the mesohaline bivalves and polychaetes. Bottom water temperatures region of Chesapeake Bay (Fig. 1 ). Stns CP3 (25 m depth) vaned sinusoidally from a maximum of 25 to 26 "C in the and R64 (1 6 m) represent central channel bottom and late summer to a rmnirnum of 1 to 2 "C during late winter 0 1 ' . ' . . ' . , . , DATE: 1 JAN 4FEB 1 1 MAR 5JAN YEAR: 1985 YEAR: 1986 YEAR: 1987 YEAR: 1988 Fig. 2. Annual variation of bottom water temperature (T, "C) at Stns R64 (A) and DB (B). Measurements from this study and Boynton et al. (1988) are combined. The data were fit to the equation (Rice 1986 ) T ( t ) = T, + 0.5(T2 -T , ) [ l -cos(2~rt/365 -2n0/365)1, where t = time (Julian date); T, = annual minimum temperature; T2 = annual maximum temperature; and Q = Julian date of minimum temperature. Values for T,, T2, a n d Q are given in Table 2 ( Fig. 2) . Salinity varied from 14 to 22 and 12 to 18 g kg-' in central channel and western flank bottom waters respectively, with minima occurring in the spring (Boynton et al. 1988) . Bottom water sulfate concentration followed salinity variations, ranging from 12 to 18 and 10 to 14 mM in central channel and western flank bottom waters respectively. On 2 occasions (February and July 1986) sediments (0 to 15 cm) from 3 other stations along the central axis of the mid-bay (32, 24 and 53; Fig. 1 ) were sampled for sulfate concentrations and reduction rates. These measurements were also made at a site on the eastern flank of the mid-bay (Stn CP4) in May 1986, at a location in the mouth of the Potomac River (Stn 63) in July 1987, and at 3 locations in the lower bay region (Stns LB1, LB2 and LB3) in July 1987 (Fig. 1) . Bottom water salinity and sulfate concentration at the additional mid-bay sites were similar to those along the lateral transect. Higher salinity (25 to 30 g kg-') and sulfate (20 to 25 mM) levels were present in lower bay waters.
Lower bay sediments were less porous (4 = 0.5 to 0.7) and had a lower dry weight organic matter content (2 to 5 %) than mid-bay sediments (4 = 0.85 to 0.95; organic matter = 6 to 12 %).
Sediment pore water sampling. Sediments at Stns 24, 32 and 53 were sampled with a gravity corer which held a 7.6 cm ID polycarbonate liner. At all other stations, sediments were collected with a Bouma box corer (136 cm2 area, ca 25 cm depth). Subcores for determination of pore water constituents were removed from box cores with 7.3 cm ID polycarbonate tubes, sectioned at 1 to 2.5 cm intervals, and the sediments loaded into 50 m1 plastic centrifuge tubes. Sediments obtained from gravity cores were held frozen in the centrifuge tubes prior to processing in the laboratory. Sedinlents collected from box cores were sectioned inside a n N2-filled glove bag, or quickly sectioned into centrifuge tubes whde gassing with NZ. Pore fluids were separated immediately by centnfugation for 20 to 40 min at ca 2000 X g. After centrifugation, the supernatant was drawn into a N,-gassed syringe and filtered through an in line GF/C glass fiber filter into preweighed vials containing 0.5 m1 of 10 % zinc acetate. Duplicate 100 to 500 ,p1 portions of the resulting ZnS suspension were assayed for sulfide by the methylene blue colorometric method described by Triiper & Schlegel (1964) . Calibration curves for the colorometnc reagents were prepared periodically using sodium sulfide solutions standardzed by iodometric titration. The pore fluid samples were then filtered again through GF/C filters into clean vials for storage until sulfate analysis. Sulfate concentrations in diluted pore fluid samples were determined with a Dionex (Sunnyvale, CA, USA) 2020i ion chromatograph operated at 30 pS output. The precision of replicate sulfate analyses within the concentration range of 0.1 to 0.5 mM was ca 5 %.
Sulfate reduction. SR rates were determined in intact sediment samples by the 35S radiotracer methods of Jsrgensen (1978a) . Gravity cores were sampled at 2.5 cm intervals by quickly inserting cut-off plastic syringes (10 ml) into the sediment after peeling duct tape away from pre-drilled sampling ports in the core liner. All other determinations were made using 2.5 cm ID (15 cm length) vertical subcores taken from box cores. Syringe subcores were sealed with serum stoppers through which the radiotracer solution was injected into the sediment along a line. Vertical subcores had silicone-sealed injection ports through which the radiotracer was line-injected at 1 or 2 cm intervals. The radioactivity added ranged from 1 to 5 pCi of carrier-free Na235S0, (ICN Radiochemicals, Irvine, CA, USA) in 10 to 50 p1 of distilled water. After incubation (4 to 24 h) in a cooler of bottom water at the in situ temperature, activity was terminated by freezing the cores.
Reduced 35S was recovered in different operationally defined fractions by selective sulfide distillations under anaerobic conditions. Dissolved sulfide (DS; = S-2 + HS-+ H2S) was driven off by slurrying ca 10 m1 wet sediment with 20 m1 of 0.1 M phosphate buffer pH 6.5 (Jsrgensen & Fenchel 1974) . Solid phase acid-volatile sulfide (AVS; = iron monosulfides) was subsequently released by addition of 20 m1 of 6N HC1. In most cases, the acid solution contained 1M TiC13 to retard oxidation of sulfide during the distillation procedure (Albert 1984). Nonacidvolatile sulfide (NAVS; = elemental sulfur and pyrite) was evolved in a boiling solution of 1 M reduced chromium (30 ml) and concentrated HCl (15 rnl) (Zhabina & Volkov 1978) . During each distillation, the hydrogen sulfide (HpS) produced was carried by an oxygen-free N2 stream into a 10 % (w/v) zinc acetate trap (10, 20 and 100 m1 for dissolved, acid-volatile, and nonacid-volatile sulfide distillations respectively), where it precipitated as ZnS. One to four drops of antifoam B (Baker Chemicals, NJ, USA) was added to each trap prior to distillation to prevent excessive foaming. Two m1 portions of the trap solutions were mixed with 7 m1 Instagel scintillation cocktail (Packard Instrument Co., Downers Grove, IL, USA) and radioactivity determined with a liquid scintillation counter (Packard Model 4330) operated in the DPM mode and with quench correction by the external standard channelsratio method. On 2 occasions (August and November 1987), all the above reduced sulfur fractions were separated from R64 and DB sediments. Other SR determinations were made either by separate AVS and NAVS distillations, or by acidic reduced chromium distillation alone, which yields total reduced sulfur.
SR rates were calculated as the product of the fraction of added radioactivity recovered as reduced label per unit time and the whole sediment sulfate concentration at the appropriate depth in the sediment. All SR rates were corrected for time-zero blanks determined for each reduced sulfur distillation procedure. The time-zero blanks were determined by adding a known quantity of 35S042-to 10 m1 of sediment and immediately beginning the distillation. The total reduced sulfur distillation had the highest apparent carry-over of unreduced label into the trap solution, 0.145 + 0.049 O/O of total label added (n = 12). The other distillations gave blanks of 0.05 %.
A time course experiment was conducted with intact cores collected at Stns CP3 and DB in June at 20 "C. Duplicate cores were injected with 35S042-(9 depth horizons within the upper 15 cm) and incubated for 0, 2, 8 or 16 h before freezing. Accumulation of reduced 35S in the cores was linear over the 16 h time course ( r 2 = 0.92 and 0.95 for the CP3 and DB cores respectively). The time-zero cores yielded blanks comparable to those determined as described above.
The relationship between areal SR rate and seasonal temperature variation was assessed by fitting the rate data to the Arrhenius equation:
where r ( T ) = areal SR rate (mmol m-2 d-') at temperature T (K); A = constant; E, = apparent activation energy (kcal mol-l), R = gas constant = 8.314 X 10-3 kJ mol-' K-'. March through November integrated SR rates were estimated by combining the time/ temperature function T(t) for each station (see Fig. 2 ) with the results of the Arrhenius fits. The time/ temperature relationship for Stn R64 was used to predict integrated SR rates at Stn CP3.
Reduced sulfur pool sizes. Pool sizes of the various reduced sulfur fractions were determined by colorometric analysis of the ZnS content of the sulfide traps (as described above). The precision of this analysis was ca 10 9'0. Concentrations of DS determined by distilling frozen sediment sections with phosphate buffer ranged from 70 to 100 % of those measured in the pore fluid from parallel cores. Recoveries of reagent grade FeS (Aldrich Chemicals) by 6N HCVlM TiC1, distillation and FeSz (Mallincrodt Chemicals) by reduced chromium distillation were 97 + 4 % (n = 3) and 100 k 6 % (n = 6) respectively.
Sulfate diffusion coefficient. A sediment diffusion coefficient for DS was derived from those measured for sulfate at Stns R64 and DB during August (0.43 and 0.50 cm2 d-' respectively) by the 3 5~0 4 2 -instantaneous source technique as described by Jsrgensen (1978b) . These coefficients were corrected for the more rapid diffusion of DS compared to sulfate by the ratio of the self-diffusion coefficients for HS-and s o d 2 -(1.7), and were adjusted for temperature according to the Einstein-Stokes relation (Li & Gregory 1974) . At the pH of mid-bay sediments (7.3 to 7.9; J. Cornwell unpubl.) , HS-would account for the major portion (67 to 89 %) of total DS. Thus, the correction factor of 1.7 is most appropriate for mid-bay sediments.
Particulate organic carbon. The particulate organic carbon (POC) content of mid-bay sediments was determined by CHN analysis of 1 to 2 mg of dried, ground sediment. After grinding, the dried sediments were transferred to small plastic weigh boats, placed in an acid-fume chamber overnight to drive off carbonates, and redried for several hours at 80 "C before being weighed out for CHN analysis.
Depth profiles of sediment POC content at Stns R64, DB and CP3 were fitted by non-linear least squares regression to the equation:
(1 where G(x) = dry weight POC content of sediment particles at depth X, Go = dry weight POC content of sediment particles at the sediment sur- 
following the ' l -G ' approach described by Murray et al. (1978) . To calculate the depth-integrated pool of degradable POC, Eq. 2 was combined with sediment porosity distributions and the result integrated trapezoidally over 0.5 cm depth increments.
Reactive iron. The pool size of reactive (toward sulfide) ferric iron in R64 sediments was estimated from June 1988 measurements of oxalate-extractable Fe (J. Cornwell unpubl.) . The iron content of the AVS pool in each depth interval (measured separately) was subtracted from the total oxalate extractable iron pool to correct for AVS dissolved during oxalate extraction. The reactive fraction of oxalate-extractable iron was estimated according to Aller (1980a) , i.e. the concentration at depth was assumed to represent the nonreactive fraction, and this value was subtracted from the higher concentrations near the sediment surface. This procedure is analogous to the ' l -G ' approach for estimating degradable POC distributions from depth profiles of POC content.
RESULTS

Area1 rates of sediment SR
Depth-integrated (0 to 12 cm) SR rates in sediments at Stns R64, DB and CP3 along the mid-bay transect varied seasonally from 5 to 60, 10 to 90 and 2 to 10 mm01 m-' d-' respectively. The rate at Stn CP4 in May (16 mm01 m-2 d-') was similar to that determined at Stn DB at the same time of year. Summer rates at mid-bay channel Stns 24 and 32 (Table 1) were comparable to those at Stns R64 and DB, whereas summer rates at the southern end of the mid-bay deep channel (Stn 53) and at the Potomac River mouth (Stn 63) were somewhat lower. Winter rates at Stns 24 and 53 were low and comparable to those at Stns CP3 and R64 during early spring, whereas a relatively high winter SR rate was found at Stn 32. The SR rates for Stn 24 reported here are similar in magnitude to previous measurements at this station made during 1984 and 1985 (J. Tuttle & E. Roden unpubl.).
Depth distribution of SR rates
SR rates decreased 5-to 10-fold with depth in the topnlost 12 cm of all sediments examined in the midand lower bay. Measurements made to a depth of 40 cm in May 1986 indicated that 70 + 10 (range of 2 cores) and 89 ? 4 % (range of 2 cores) of total activity Lower bay sediments exhibited summer SR rates comparable to or greater than those in the mid-bay (Table 1) . Rates found at Stns LB1 and LB3 were similar to those recently measured at a site off the mouth of the York River (M. Marvin & D. Capone unpubl.). The highest areal SR rate (126 mm01 m-2 d-l) we observed in this study was at Stn LB2.
Seasonal variation of SR rates in the mid-bay
Maximum areal SR rates in mid-bay transect sediments occurred during the period June through August (Fig. 3) ; rate minima, similar in magnitude, were observed at Stns R64 and DB during April and November. Arrhenius plots of the data (Fig. 3 , insets) yielded similar apparent activation energy (E,) estimates (ca 83 kJ mol-'; average Q l o of 3.3 between 5 and 25 "C) for the 3 stations. The solid lines in Fig. 3 (main panels) are rates predicted by combining the time/temperature function T ( t ) for each station ( Fig. 2) with the corresponding Arrhenius fit parameters ( Table 2 ). The predicted rates were integrated over 1 d intervals, yielding March through November integrated SR rates of 5.3, 7.3 and 1.3 m01 S m-2 d-' at Stns R64, DB and CP3 respectively. (Table 2) was accounted for in the upper 12 cm of sediment at Stns CP3 and DB respectively (data not shown).
Because the decrease in SR with depth was usually more distinct in R64 (Fig. 4 ) compared to DB (Fig. 5 ) sediments, we expect that a similarly large fraction of total SR in R64 sediments occurred within the 0 to 12 cm horizon. Therefore, restricting our routine measurements to 12 cm depth probably led to only a minor underestimation of area1 SR at Stns R64 and DB and at other stations where relatively high rates of sulfate reduction occurred.
Dissolved sulfide distributions
Distinct seasonal variations in pore fluid distributions were observed at Stns R64 and DB. DS was not detected in the upper few cm of R64 sedirnents during the spring (Fig. 6 ). During summer anoxia, however, high levels of DS (0.2 to 2 mM) accumulated in surface sediments, indicating the potential for direct exchange of sulfide from sedirnents to bottom waters (Roden & Tuttle 1992) . With the reappearance of oxygen in midbay bottom waters in the autumn, DS disappeared from the topmost 2 cm of sediment.
Stn DB sediments exhibited very low DS levels throughout the topmost 15 cm in May and June (Fig. 7) . Maximum DS concentrations (S50 PM) were at least 10 times less than those at R64 (Fig. 6 ). Substantially higher DS levels (0.5 mM) were found at depth (12 cm) in eastern flank (CP4) sediments in May (data not shown), but these were still 5-fold less than DS concentrations at depth in R64 sediments. Pore water DS concentrations remained much lower (< 1 mM) at DB than at R64, even during periods of intense SR in the summer (Fig. 5 ). By November, DS concentrations at Stn DB had decreased to < 0.1 mM, but remained higher than during the spring in the upper 10 cm of sediment.
Solid-phase reduced sulfur distributions
Total solid-phase reduced sulfur concentrations (ca l % of sediment dry weight below 4 cm depth) were similar in sediments along the mid-bay lateral transect (see Table 5 ), and comparable to those found in other fine-grained coastal sediments (Berner & Westrich 1985 , Chanton et al. 1987 . In contrast, the relative abundance of acid-volatile sulfide (AVS) versus partially oxidized, non-acid-volatile sulfide (NAVS) differed among sediments along the transect, decreasing from a ratio of ca l : 3 at Stn R64 (Fig. 8A , B) to l : 5 at Stn CP3 (data not shown) and 1 : l 0 at Stn DB (Fig. 8C, D) . The low AVS abundance in flank station sedirnents probably reflects the oxidizing influence of macrofaunal activity, a conclusion supported higher redox potentials (Kemp et al. 1991, W. Boynton unpubl.) and lower DS concentrations (Fig. 7) relative to channel sediments (Fig. 6) . Likewise, the higher AVS:NAVS ratio in R64 compared to CP3 sediments is likely related to more reducing conditions (lower redox potentials and higher DS concentrations) and more intense rates of sulfide formation found at R64 (Fig. 3) .
Substantial seasonal changes in AVS abundance, particularly from spring to summer, were observed in the topmost 4 cm of R64 and DB sediments (Fig. 8A, C) , whereas few such changes in NAVS were evident (Fig. 8B, D) . The lack of significant NAVS change was probably due to core-to-core variability as well as the large background pool of NAVS in mid-bay sediments. We have interpreted changes in AVS abundance quanti- The latter assumption is based on the findalong a mid-bay lateral transect. Parameters are described In Fig. 2 and in the text r2. Least squares regression fit of the rate data to the Arrhenius '"9 that sulfide production lates cm equatlon (see Fig. 3 , insets) tatively (Table 3 ) with the caveats that: (1) estimates of depth were too low to support the magnitude of AVS accumulation calculated from concentrahon differences, and that AVS (and NAVS) concentrations faded to increase systematically with depth below 4 cm. The latter observation strongly suggests that solid-phase reduced sulfur accumulation was h i t e d primarily to the top 4 cm of sediment Between April and August, calculated AVS accureduced sulfur storage are subject to large uncertainties mulation within the upper 4 cm of sediment was 0.65 due to sample variability and, thus, represent first and 0.61 m01 m-2 at Stns R64 and DB respectively approximations only; and (2) although we observed some (Table 3) . AVS continued to accumulate (0.24 m01 significant AVS differences below 4 cm depth (particum-2) in the 2 to 4 cm horizon of R64 sediments from larly at Stn R64) on ddferent s a m p h g dates, these differAugust to November, but decreased (0.25 m01 m-2) in surface (0 to 2 cm) DB sediments during the same period The recovery of reduced 35S as partially oxidized, non-acid-volatile reduced sulfur compounds ( N A V~~S ) differed in sediments along the mid-bay transect. It is important to note that these cores were extracted for AV% with an acidic TiCl,, thus eliminating the possibility of reoxidation during the extraction (Albert 1984). At R64 in April, 20 to 40 % of total reduced 35S formed in the topmost 2 cm of sediment was recovered as N A V~~S (Fig. 9A ), whereas at DB in June, 35 to 70 % of reduced "S found in this interval was in the NAVS fraction (Fig. 9D) . The corresponding range for Stn CP3 sediments in June was 40 to 60 %.
When central channel bottom waters were anoxic (August), less than 10 % of total reduced 35S formed in surface (0 to 2 cm) sediments was recovered as NAV% which constituted < 5 % of total reduced 35S below 5 cm (Fig. 9B) . The recovery of reduced 3SS as DS (D3%) was uniform with depth, averaging 71 + 5 % (Roden & Tuttle 1992 ). In contrast, 10 to 30 % of reduced 35S at Stn DB .. ' was recovered as NAV~'S throughout the topmost 12 cm in August (Fig. 9E) , and the recovery of was only 31 + 6 % (data not shown). In November, recovery of N A V~~S in the upper 2 cm of R64 sediment increased to ca 40 % but declined to less than 10 % at depth, whereas at DB, NAV3'S accounted for 20 to 60 % of total reduced 35S throughout the upper 12 cm.
DISCUSSION
Spatial variation of SR rates in the mid-and lower bay
Organic matter production and deposition patterns indicate that maximum rates of sediment metabolism might be expected in the mid-salinity, transition zone of estuaries (Kemp & Boynton 1984 , Capone & Kiene 1988 . SR and methane production rates in sediments along the salinity gradient of the Hudson River (USA) are consistent with this suggestion (R. Kiene, C. Gilmour & D. Capone unpubl.) . In contrast, rates of anaerobic metabolism appear to be similar in sediments along the salinity gradient of the mid-and lower regions of the Chesapeake Bay estuary. Such high rates of SR in lower bay sediments seem unusual because their dry weight organic content is severalfold lower than that of mid-bay sedirnents. However, lower bay sediments are less porous, and therefore the whole sediment organic content is comparable to that of mid-bay sediments. Observations of much greater variation in dry weight organic content than in SR rate have been reported previously for a range of Danish coastal sediments (Jargensen 1977, Thode-Andersen & Jargensen 1989).
High rates of anaerobic metabolism in lower bay sediments probably reflect the combined effects of high primary production rates and a shallow water column (< 15 m), conditions favoring a large input of organic carbon to the sediments (Jergensen 1983 , Nedwell 1984 . Although some deposited carbon must support oxygen uptake by macrofauna, meiofauna, and aerobic microorganisms, the contribution of SR to carbon flow is substantial. For example, the lowest summer SR rate we measured in the lower bay (25 mm01 m-2 d-') corresponds to a carbon flux of 0.6 g C m-' d-l, assuming a 2 : l ratio of carbon ox~dation to SR. This SR rate can account for a substantial fraction (250 %) of average gross POC collection rates in surface (3 m) and midwater (6 m) sediment traps in the lower bay region during the summer (Wetzel & Neilson 1989) .
Mid-bay deep channel water depths are 10 to 30 m greater than in the lower bay. This, and the presence of a pronounced mid-depth pycnocline in the mid-bay during the spring and summer (Malone et al. 1986 , Tuttle et al. 1987 , which would be expected to retard 15 sinking of detrital material to the sediments, suggest that degradation of organic detritus within the water column prior to deposition should be more extensive in the mid-bay deep channel than in the lower bay. This suggestion is supported by the finding that POC becomes less microbially labile as bottom water moves up-bay from Stn 53 to CP3 (Jonas & Tuttle 1990 ). However, the occurrence of hypoxic or anoxic conditions in mid-bay bottom waters during the warm season diverts most if not all carbon flow through anaerobic processes, i.e. aerobic respiration is a minor pathway for carbon mineralization in surface sediments. Thus, SR rates in channel sediments at 25 m (Stn 32) and 40 m (Stn 24) depths are comparable to those underlying much shallower waters in the midand lower estuary (Table 1 ). An exception to this line of reasoning is our results from channel Stn CP3 (25 m depth), where summer SR rates were several-fold lower those found in other mid-and lower bay sediments. This anomaly is likely related to the fact that CP3 sediments appear to be tidally scoured, as evidenced by the consistent lack of AVS (mmol liter-') N AVS transect, all of which are overlain by at least 10 m of water. It remains to be determined whether similar rates of SR occur in sediments underlying more shallow mid-bay waters. It is likely that such is the case, given the high primary productivity characteristic of the flanks of the mid-bay region (Malone et al. 1986 ). (Table 4) . To a highly porous (C$ = 0.94 to 0.96) surface layer (0 to facilitate direct comparison of sediment metabolic 2 cm) that was typical of sedirnents at other central potential, we have adjusted areal rates to a standard channel stations. DS concentrations (data not shown) temperature of 25 "C according to an average Qlo and corresponding upward diffusive DS flux estimates value of 3. The highest rates found in Chesapeake Bay at CP3 in June were 5 to 10 times lower than at R64 in sediments are within a factor of 2 of those found in May, verifying that the magnitude of sulfide produccoastal lagoon and mussel bed sediments, and in sedition in CP3 sediments is significantly lower than in ments from other eutrophic coastal waters. This comother mid-bay sediments.
parison emphasizes the quantitative significance of SR values in parentheses were used a s basis for temperature correction when a range of temperatures was reported in the sediments over a large area of the shallow, highly productive Chesapeake Bay system.
Sulfate reduction and POC content
The decrease in SR rate with depth in the top 10 cm of marine sediments typically reflects a decrease in the availability of degradable organic carbon because sulfate is not usually depleted to limiting concentrations within this interval (Berner 1980) . This argument is supported qualitatively by a decrease in dry weight POC content in the upper 10 cm of sediments along the mid-bay transect (Fig. 10) , where sulfate was present at non-limiting concentrations (1 3 mM) throughout the spring and summer (data not shown). The estimated ratio of degradable POC (see 'Materials and Methods' and Fig. 10 ) to total POC decreased from 20 to 30 % at the surface to 1 to 3 % at 10 cm.
The decrease in POC concentration with depth in the upper 10 cm of sediment was less distinct at Stn DB than at R64 (Fig. 10) , and the total degradable POC pool (3.1 m01 C m-2) was 50 % higher at DB than at R64 (2.1 m01 C m-*). These results agree with higher SR rates at depth (Figs. 4 & 5) , higher maximum summer area1 S R rates (Fig. 3) , and a higher seasonally integrated S R rate (Table 2) in DB compared to R64 sediments. However, the estimated degradable POC pool in CP3 sediments (2.0 m01 C m-2) was comparable to that estimated for R64 and DB sediments, even though S R rates were 3 to 5 times lower at CP3. Assuming our degradable POC estimation procedure is valid as a first approximation, this suggests that such material in CP3 sediments is metabolized more slowly than that in R64 and DB sediments. Although the lower dry weight POC content of CP3 compared to R64 and DB sediments (Fig. 10 ) may be related to lower POC lability, the difference in overall POC content (ca 30 %) is much less than the difference in rates of SR. These comparisons indicate that bulk POC content cannot be used as a quantitative indicator of sediment metabolic potential, even in sedirnents from the same localized region of the estuary.
Seasonal variation in sulfide production and fate in mid-bay sediments
Our estimates of the temperature dependence (apparent E,) of SR are in the same range as those determined for other coastal sediments (Vosjan 1974 , Jerrgensen 1977 , Abdollahi & Nedwell 1979 , Aller & Yingst 1980 , King 1988 , Klump & Martens 1989 , Mackin & Swider 1989 . Although the Arrhenius equations adequately described the overall seasonal variation of S R rates in mid-bay sediments, they failed to account for the early summer rate maxima observed at Stns R64 and D B (Fig. 3) . These high rates were probably related to rapid degradation of fresh organic material deposited during the annual spring diatom bloom (Tuttle et al. 1987 , Jonas & Tuttle 1990 ). The degradation of this material is expected to shift toward anaerobic pathways with increasing summer temperatures and accelerated microbial metabolism. Maximum SR rates are thus likely to occur just after this s M t takes place rather than during the late summer when temperature reaches its annual maximum.
Pronounced temporal variations in the fate of sulfide produced in mid-bay sediments are suggested by DS concentration profiles. During April and May, D S con-PARTICULATE ORGANIC CARBON ( % DRY WEIGHT) (Fig. 3) did not result in a major accumulation of dissolved DS (Fig. ?) , and vertical diffusive flux estimates for this time period accounted for only a minor (< 1 %) fraction of total sulfide production. Reoxidation of DS by oxygen and/or metal oxides might have occurred in the upper several cm of sediment during the spring and early summer in association with sediment resuspension or particle mixing caused by macrofaunal activity. The recovery of significant portions of reduced 35S in partially oxidized (i.e. non-acid-volatile) reduced sulfur phases during short-term 35S042-reduction experiments indicates that sulfide reoxidation processes were occurring on a time scale of hours (Thode-Anderson & Jsrgensen 1989). The higher recovery of partially oxidized reduced 35S in DB compared to R64 sediments (Fig. g) , the relatively constant level of NAV35S recovery with depth, and lower ratio of AVS to NAVS (Fig. 8) all suggest that such reoxidation processes were more intense in DB sediments. consistent with this argument is the observation that maximal SR rates were always found in the topmost 2 cm of R64 sediments (Fig. 4) , whereas a subsurface rate maximum was observed on 3 of 4 dates during April through June at DB (Fig. 5) . Whether the subsurface maximum at DB was real (due to inhibition of SR in the relatively oxidized surface sediments) or a n artifact resulting from reoxidation of reduced 35S to 35S042-during incubation is unknown. In either case, the results suggest that surface sediments were more oxidizing at DB than at R64.
Storage of solid-phase iron-sulfide minerals is an alternative mechanism for DS removal from sediment pore fluids. This argument is supported by our estimate that 0.65 and 0.61 m01 AVS m-2 accumulated in the top 4 cm of R64 and DB sediments, respectively, between April and August (Table 3) . Potential sources of iron for solid-phase reduced sulfur formation include new sediment deposition a s well as ferric iron released during oxidation of iron-sulfides, especially during the winter when SR rates are low (Table 1) and bottom waters oxygen concentrations are maximal.
The estimated reactive fernc iron concentration in R64 sedirnents in June was ca 15 mm01 1-' in the top 1 cm, decreasing to < 2 mm01 I-' below 5 cm; the depth-integrated (0 to 10 cm) pool amounted to 0.38 m01 Fe m-2 (J. Cornwell unpubl.). If AVS accumulation between April and August was due solely to FeS formation, about twice as much iron would be consunled than can b e accounted for by the June estimate of the reactive iron pool size in R64 sediments. This difference is not unreasonable because some FeS accumulation may occur prior to June, and because some sulfide may be consumed in the production of Fe2+ prior to FeS formation. Moreover, given the high variability inherent in measurements of solid-phase sediment species, agreement of the 2 estimates within a factor of 2 is encouraging and consistent with the supposition that something less than 1 m01 S per m2 of R64 sediment is retained a s solid-phase reduced sulfur during the spring/summer transition period. Because bottom sediment characteristics are in general similar along a cross-bay transect in this portion of the midbay (Ward 1985) , it is reasonable to assume that a comparable amount of reactive ferric iron was available for reduced sulfur storage at Stn DB.
The total amount of sulfate reduced between April and June in R64 sediments (estimated from Arrhenius and time/temperature equations) amounted to ca 0.9 m01 S m-', enough to account for the estimated AVS accumulation if sulfide reoxidation did not occur. Although some sulfide reoxidation undoubtedly occurs in the spring, it is likely that a large fraction of sulfide produced in the topmost 12 cm during late spring and early summer is retained in the top 4 cm of sediment as solid-phase reduced sulfur, because (1) bottom waters become oxygen depleted during this time, thereby retarding sulfide reoxidation and (2) DS formed beneath 4 cm depth may diffuse into and precipitate within the 0 to 4 cm layer. Reactive iron remaining in channel sediments at the onset of summer conditions in June should be rapidly transformed to solid-phase reduced sulfur because > 1 m01 of sulfide per m 2 sediment could be supplied in < 30 d at an average summer SR rate of 40 mm01 n r 2 d-'. Thus phosphate adsorbed to iron oxides in central channel surface sediments could be expected to be released in the early summer, an hypothesis supported by the observation of a distinct seasonal maximum in phosphate release from channel sediments during early July when bottom waters are hypoxic or anoxic , Kemp & Boynton 1992 ). An early summer phosphate release maximum has also been reported for Cape Lookout Bight (North Carolina, USA) sedirnents (Klump & Martens 1981) , in which a similar 'titration' of the oxidized surface layer occurs during the onset of summer conditions.
Benthic chamber and radiotracer estimates of DS flux indicated that a large fraction (ca 70 ?G) of DS produced in the sediment is released to anoxic bottom waters in August (Roden & Tuttle 1992 ). It appears that DS accumulation in sediment pore fluids accounts for only a minor fraction ( S 10 %) of summertime sulfide production in central channel sediments. Likewise, although DS was more abundant between 5 and 10 cm in R64 sedirnents in October and November compared to April and May, this accumulation represented only a minor fraction (<5 %) of total sulfide production during the warm season.
Summertime DS concentrations in DB sediments were much higher than those in the spring (Fig. 7) , but this DS accumulation (< 0.05 m01 S m-2) accounted for only a small portion (< 2 %) of total sulfide production from April to August (3.5 m01 S m-2). AVS accumulation in the top 4 cm of DB sediment accounted for only 17 O/o (0.6 m01 S m-2; Table 3 ) of April to August sulfide production. If the apparent April to August increase in AVS concentration in the 4 to 8 cm depth interval (Fig. 8C ) is assumed to represent net solid-phase sulfide accumulation, the seasonal sulfide storage estimate increases to 1.2 m01 m-2 sediment. This quantity of reduced sulfur is still only 34 % of total April to August sulfide production, suggesting that the majority of sulfide produced at Stn DB was lost from the sediment during this time period. Whereas direct release of DS to anoxic bottom waters is an important mechanism of sulfide loss from central channel sediments, reoxidation at the sediment water interface or within macrofaunal burrow tubes is likely an important mechanism of sulfide removal from DB sediments.
Role of sulfur cycling in summertime mid-bay sediment carbon and oxygen metabolism Hypoxic or anoxic conditions in mid-bay channel bottom waters throughout the summer months limit the magnitude of direct sediment oxygen consumption , Kemp et al. 1992 . When oxygen does penetrate into bottom waters (in association with lateral seiching of the mid-water pycnocline or storm events; Malone et al. 1986 , Tuttle et al. 1987 , reduced sulfur species which have accumulated in bottom waters and surface sediments may be rapidly oxidized. Extremely high oxygen consumption rates have in fact been observed in anoxic central channel cores in which the oxygen content of the overlying water was either accidentally or intentionally elevated at the beginning of the incubation period (Boynton et al. 1988 , Sampou & Cornwell 1988 . During the summer, sulfur cycling undoubtedly dominates central channel sediment carbon and oxygen metabolism.
Rates of sediment oxygen consumption (SOC) measured at Stn DB during August 1986 and 1987 averaged 50 f 5 mm01 O2 m-2 d-' (Kemp et al. 1992, Kemp unpubl.) . The average August SR rate in the same 2 years was 51 k 16 mm01 S m-' d-' (n = 8 cores). If we assume, based on the estimates of reduced sulfur storage given above, that somewhere between and 17 and 34 % of sulfide production during August was stored as solidphase reduced sulfur and that the balance was being reoxidized by oxygen according to a 2 : 1 stoichiometry (Jargensen 1977), SOC rates should have been 40 to 70 % greater than the measured rates. This discrepancy either calls into question the accuracy of the SR and/or SOC rate estimates, or is suggestive of higher summertime sulfide storage.
Our SR measurements at Stn DB are probably not erroneously high. Estimates of CO2 release from DB sediments made during August 1986 (127 f 21 mm01 m-2 d-l, n = 5; P. Sampou unpubl.) agreed within experimental uncertainty with those predicted from our SR rates (102 f 32 mm01 m-* d-', assuming a 2: 1 ratio of carbon oxidation coupled to SR). On the other hand, SOC measurements obtained from stirred shipboard core and benthic dome incubations could be underestimates due to lower turbulence during incubation relative to in situ conditions. Sediment trap collections at Stn DB provide evidence of substantial rates of surface sediment resuspension (Boynton et al. 1988 , whereas sediment resuspension did not occur during the oxygen flux measurements. Unfortunately, available data do not allow speculation about the possible influence of resuspension on ln situ rates of SOC.
An alternative explanation for the above discrepancy is that 50 % or more of August sulfide production accumulated in DB sediments. During August, only 31 4 6 % (n = 12 2-cm core segments) of the reduced end products of %OA2-reduction in DB sediments was recovered as DS after an 8 h incubation period, suggesting that a large fraction of sulfide production in the topmost 12 cm of sediment was partitioned into solidphase reduced sulfur compounds. However, transfer of "S from DS to solid-phase So or FeS via isotope exchange (Fossing & Jargensen 1990) , rather than a net accumulation of solid-phase reduced sulfur, could have been at least partly responsible for this result. Furthermore, accumulation of solid-phase reduced 35S during short-term radiotracer incubations does not rule out the possibility that a continuous cycle of solidphase reduced sulfur formation and reoxidation occurs in situ on time scales longer than those used for the 35S0,2-reduction assays.
Nevertheless, if we assume that ca 30 % of total Permanent reduced sulfur retention sulfate reduction resulted in net release of DS to sediment pore fluids, then the DS pool in the upper 12 cm Average solid-phase reduced sulfur concentrations of sediment (ca 60 mm01 m-2) would have been turning at depth in the sediment, annual reduced sulfur burial over every 4 d during August. Such a rapid rate of rates, annual SR rates, and estimated reduced sulfur turnover suggests that the balance between DS proretention at each of the mid-bay transect stations are duction and loss from sediment pore fluids could have given in Table 5 . The annual SR rate estimates repreapproximated a steady state on a time scale of weeks sent minimum values, because (1) only 9 mo of the during the summer. Assuming that this was so at the year were considered in the calculations (see Table 2 ), time of our measurements during August, we estimate (2) early summer rate maxima at Stns R64 and DB were a DS loss rate amounting to 0.3 x 51 = 15 mm01 S m-2 not accounted for by the Arrhenius equations (see d-l. This must be regarded as a minimum estimate, above), and (3) SR occurring beneath 12 cm depth was given the possible sources of error discussed above. not included. Even so, most of the sulfide formed on Even so, the corresponding estimate of SOC coupled a n annual basis is not retained in the sediment. This to sulfide reoxidation (2 X 15 = 30 mm01 m-' d-') is agrees with studies in Danish coastal sediments (J0r-equal to 60 % of the measured SOC rate. Furthermore, gensen 1977), subtidal Long Island Sound sediments if the balance of SOC (20 mm01 0' m-2 d -l ) were (Berner & Westrich 1985) , and Long Island Sound coupled to aerobic carbon respiration (carbon flux of marsh flat sediments (Swider & Mackin 1989 ). Signifi-20 mm01 C m-' d-l), it could account for no more than cantly higher sulfide retention estimates reported for 120 / ((51 X 2) + 2011 X 100 = 16 % of total sediment some coastal lagoon sediments (Berner & Westrich carbon metabolism. 1985 , Chanton et al. 1987 are probably related to Despite uncertainties in the above calculations, it higher rates of iron input (associated with more rapid is evident that, as at Stn R64, sulfur cycling dominated sediment accumulation and/or more iron-rich source carbon metabolism and oxygen consumption by DB sedmaterial) compared to other coastal sedirnents, includiments during August. Similar conclusions have been ing those in the mid-Chesapeake Bay. drawn from sumnler measurements of SR and SOC in Given the substantial variation in SR rates in the midCape Lookout Bight (Chanton et al. 1987) , Flax Pond bay transect sediments, the similarity of their dry weight (Long Island Sound, New York, USA) marsh flat reduced sulfur content indicates that the availability of (Mackin & Swider 1989) , and eutrophic Narragansett iron rather than sulfide production rate limits reduced Bay (Rhode Island, USA) mesocosm sediments (Sampou sulfur burial. This is supported by the finding that very & Oviatt 1991) in which metabolic rates were about little reactive iron can be extracted from sediment a t twice those at Stn DB. Our results reinforce the assertion depths below which solid-phase reduced sulfur accuof Sampou & Oviatt (1991) that, because of the potential mulation does not occur. For example, the amount of for transient solid-phase reduced sulfur storage, it may oxalate extractable ferric iron at depth in R64 sedinot be appropriate to extrapolate rates of sediment ments (ca 15 mm01 I-'; J. Cornwell unpubl.) is only about carbon degradation from SOC measurements over short 20 % of the iron accounted for in solid-phase reduced time scales in organic-rich coastal sediments. sulfur compounds (AVS and NAVS were assumed to be FeS and FeS2 respec- "The mass sedimentation rate at Stn R64 was derived from sediment trap data (Boynton et al. 1988) . For Stn DB, the mass deposition rate determined from 2'0Pb and 239.240P~ profiles at a nearby location (Officer et al. 1984 , Stn 834G) was assumed. A deposition rate half that estimated for Stn R64 was selected arbitrarily for Stn CP3 to account for the deeper water column at CP3 (25 m) compared to R64 (16 m), and for the observation that CP3 sedirnents appeared to be tidally scoured h Mass sedimentation rate X reduced sulfur concentration C (Reduced sulfur burial rate/annual sulfate reduction rate) X 100 the iron oxide deposited to mid-bay sediments is transformed ultimately into iron-sulfide minerals. Similar results have been reported for sediments at a 9 m deep station in Long Island Sound (Canfield 1989) .
Due to uncertainty in the mass sedimentation rate at Stn CP3, We Can make only a first approximation of the degree of sulfide retention at this location (Table 5 ). Assum-ing that the sedimentation rate at CP3 is comparable to that at R64 within a factor of 2, the large difference in total SR rate (4-fold) between the 2 stations leads to a higher sulfide retention estimate for Stn CP3. However, the difference in sulfide retention amounts to only 15 % of total SR, suggesting that the magnitude of sulfide loss from mid-bay sediments is controlled mainly by the rate of SR rather than by the rate of reduced sulfur burial. From the data in Table 5 we estimate that sulfide reoxidation accounts for an annual sediment oxygen demand of at least 2, 9 and 12 mol O2 m-2 yr-' at Stns CP3, R64, and DB, respectively. On a dry weight basis, fine-grained mid-bay muds had 2 to 6 times greater reduced sulfur content (1 to 3 %1 than the sand-silt sediments of the lower bav (0.2 iron concentrations comparable to mid-bay sedirnents on a whole sediment basis (J. Cornwell unpubl.) . If annual rates of SR in the lower bay sediments investigated in this study are comparable to those in the most metabolically active mid-bay sedirnents (5 to 10 m01 S m-2 yr-l), the ratio of permanent sulfide burial to total SR is probably similar to that estimated for those midbay sediments, i.e. < 20 %. Biological Laboratory, University of Maryland) for assistance ' ~ to 0.5 X), This difference is not unexpected because during sediment in the mid-Chesa~eake region. We also thank D. L. Rice (Chief Scientist) and the most of the iron required for solid-~hase reduced captain and crew of the R" 'Ridgley Warfield' (Chesapeake sulfur formation in marine sediments is associated with lnstltute, johns ~~~k~~~ university), and J C. Means the fine-grained clay fraction ). was not detectable in Stn LB1 and LB3 sediments and was < 0.1 mM in Stn LB2 sediments during the summer LITERATURE CITED (Fig. 11A) . The ratio of AVS to NAVS concentration in lower bay sediments was < 0.1. Despite these differ- 
